(R,S)-Ketamine has rapid and sustained antidepressant effects in depressed patients. Although the metabolism of (R,S)-ketamine to (2 R,6 R)-hydroxynorketamine (HNK), a metabolite of (R)-ketamine, has been reported to be essential for its antidepressant effects, recent evidence suggests otherwise. The present study investigated the role of the metabolism of (R)-ketamine to (2 R,6 R)-HNK in the antidepressant actions of (R)-ketamine. Antidepressant effects were evaluated using the forced swimming test in the lipopolysaccharide (LPS)-induced inflammation model of mice and the tail suspension test in naive mice. To prevent the metabolism of (R)-ketamine to (2 R,6 R)-HNK, mice were pretreated with cytochrome P450 (CYP) inhibitors. The concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK in plasma, brain, and cerebrospinal fluid (CSF) samples were determined using enantioselective liquid chromatography-tandem mass spectrometry. The concentrations of (R)-norketamine and (2 R,6 R)-HNK in plasma, brain, and CSF samples after administration of (R)-norketamine (10 mg/kg) and (2 R,6 R)-HNK (10 mg/kg), respectively, were higher than those generated after administration of (R)-ketamine (10 mg/kg). Nonetheless, while (R)-ketamine attenuated, neither (R)-norketamine nor (2 R,6 R)-HNK significantly altered immobility times of LPS-treated mice. Treatment with CYP inhibitors prior to administration of (R)-ketamine increased the plasma levels of (R)-ketamine, while generation of (2 R,6 R)-HNK was almost completely blocked. (R)-Ketamine exerted the antidepressant effects at a lower dose in the presence of CYP inhibitors than in their absence, which is consistent with exposure levels of (R)-ketamine but not (2 R,6 R)-HNK. These results indicate that metabolism to (2 R,6 R)-HNK is not necessary for the antidepressant effects of (R)-ketamine and that unmetabolized (R)-ketamine itself may be responsible for its antidepressant actions.
INTRODUCTION
The rapid and long-lasting antidepressant effects of (R,S)-ketamine in patients with major depressive disorder, including those with treatment-resistant depression, have recently gained much attention [1] [2] [3] [4] . Despite these remarkable effects, a number of profound adverse effects such as psychotomimetic/dissociative symptoms, abuse potential, and neurotoxicity preclude the routine use of (R,S)-ketamine in daily clinical practice. (R,S)-Ketamine contains equal parts of (R)-ketamine and (S)-ketamine; based on its affinity for the N-methyl-D-aspartate (NMDA) receptor and its anesthetic potency, (S)-ketamine has been regarded as the active enantiomer. Recently, however, (R)-ketamine has been reported to exhibit more potent and longer-lasting antidepressant effects in rodents than (S)-ketamine [5] [6] [7] [8] [9] . Moreover, (R)-ketamine does not induce the unwanted effects observed with (R,S)-ketamine [6] , suggesting that (R)-ketamine might be a safer antidepressant than (R,S)-ketamine.
Both (R)-ketamine and (S)-ketamine are extensively and stereoselectively metabolized by multiple cytochrome P450 (CYP) enzymes to several metabolites including the major metabolites (R)-norketamine and (2 R,6 R)-hydroxynorketamine (HNK) [10] [11] [12] . Recently, Zanos et al. [7] reported that biotransformation from (R,S)-ketamine to (2 S,6 S;2 R,6 R)-HNK is required for the antidepressant actions of (R,S)-ketamine. Particularly, (2 R,6 R)-HNK, which is biotransformed from (R)-ketamine, was proposed to have a critical role in the actions of (R,S)-ketamine, since (2 R,6 R)-HNK exhibits much more potent antidepressant effects than (2 S,6 S)-HNK in rodent models [7] . In contrast, Hashimoto's group recently reported that (R)-ketamine, but not (2 R,6 R)-HNK, showed rapid and long-lasting antidepressant effects in three different rodent models [13, 14] and that the injection of (R)-ketamine into the brain regions exerted antidepressant effects in a learned helplessness model [15] . Likewise, (R)-norketamine, another major metabolite of (R)-ketamine, has been reported not to exert antidepressant effects in a learned helplessness model [13] . All these findings suggest that-in so far as where the antidepressant effects of (R)-ketamine are concerned -(R)-ketamine itself, and not its major metabolites (R)-norketamine and (2 R,6 R)-HNK, is responsible for the antidepressant effects in rodents. However, although the antidepressant actions of (R)-ketamine need to be compared with those of its metabolites according to exposure levels rather than dosage, no such studies have been reported to date. Furthermore, although Zanos et al. [7] used deuterated (R,S)-ketamine to prevent its metabolism to (2 S,6 S;2 R,6 R)-HNK, this method only partially prevented its metabolism, and levels of (R,S)-ketamine were essentially unchanged. In the present study, we validated the conditions in which the metabolism of (R)-ketamine to (2 R,6 R)-HNK is completely ablated, and consequently plasma levels of (R)-ketamine are increased by using CYP inhibitors. Therefore, we conclude that the present experimental conditions can be utilized to investigate the role of metabolism to (2 R,6 R)-HNK in the antidepressant effects of (R)-ketamine in relevant animal models.
This study was designed to elucidate the roles of the (R)-ketamine metabolites (R)-norketamine and (2 R,6 R)-HNK in the antidepressant actions of (R)-ketamine. We performed behavioral tests using (R)-ketamine and its two major metabolites, (R)-norketamine and (2 R,6 R)-HNK, in a mouse model of depression. Furthermore, we examined the antidepressant effects of (R)-ketamine in a condition that prevents the metabolism to (2 R,6 R)-HNK by using CYP inhibitors. The concentrations of (R)-ketamine and its metabolites in plasma, brain, and cerebrospinal fluid (CSF) samples were also measured.
MATERIALS AND METHODS

Animals
Eight-week-old male C57BL/6 mice (Japan SLC, Shizuoka, Japan) and five-week-old male ICR mice (Charles River Laboratories, Kanagawa, Japan) were used for this study. The animals were housed under controlled temperatures and humidity conditions under a 12-h light/dark cycle (lights on at 7:00 a.m.). Food and water were provided ad libitum. The protocol was approved by the Animal Care and Experimentation Committee of each institution to which the authors who performed the study belonged. The protocols for the pharmacological studies, which used a lipopolysaccharide (LPS)-induced inflammation model of depression were approved by the Chiba University Institutional Animal Care and Use Committee. The protocols for the pharmacological studies that used the tail suspension test (TST) and all of the animal experimental procedures involving pharmacokinetic studies were approved by the Institutional Animal Care and Use Committee of Taisho Pharmaceutical Co., Ltd.
Compounds (R)-Ketamine hydrochloride was prepared by the recrystallization of (R,S)-ketamine (Veterinary Ketalar® 50; Sanyo Yell Pharmaceutical Co., Ltd., Tokyo, Japan or Ketalar®; Daiichi Sankyo Pharmaceutical Ltd., Tokyo, Japan) and D-(−)-tartaric acid, as described previously [8] . (R)-Norketamine and (2 R,6 R)-HNK were prepared according to a previous report [7] . LPS (L-4130, serotype 0111:B4) was purchased from Sigma-Aldrich (St Louis, MO). (R)-Ketamine, (R)-norketamine, and (2 R,6 R)-HNK were dissolved in saline. CYP inhibitors, ticlopidine hydrochloride and 1-aminobenzotriazole (1-ABT), were obtained from Sigma-Aldrich (St. Louis, MO), and dissolved in saline to prepare a cocktail solution containing ticlopidine (4 mg/mL) and 1-ABT (10 mg/mL). As analytical standard substances, (R,S)-ketamine hydrochloride solution (50 mg/mL as a free base; Fujita Pharmaceutical Co., Ltd., Tokyo, Japan), (R,S)-norketamine hydrochloride (Funakoshi Co., Ltd., Tokyo, Japan), and the above-mentioned (2 R,6 R)-HNK were used. The analytical internal standard, 3,4,5,6-tetradeuterophenyl-norketamine hydrochloride ( 2 H 4 -norketamine), in methanol (100 µg/ml as a free base) was purchased from Sigma-Aldrich (St Louis, MO). All other reagents were purchased commercially.
Behavioral Tests
Forced swimming test (FST) using the LPS-induced inflammatory model Drug administration: The drug administration schedules are presented in Figs. 1a and 2g . Male C57BL/6 mice were used. Saline or LPS (0.5 mg/kg) was injected intraperitoneally (i.p.) as previously reported [14, 16, 17] . Twenty-three hours later, the mice were treated i.p. with saline, (R)-ketamine (10 mg/kg), (R)-norketamine (10 mg/kg), or (2 R,6 R)-HNK (10 mg/kg). A locomotion test (LMT) and the FST were performed at 1 and 3 h after the administration of each compound, respectively. In the CYP inhibition studies, mice were treated i.p. with saline or a CYP inhibitor cocktail (5 mL/kg) containing ticlopidine (4 mg/mL) and 1-ABT (10 mg/mL) at 22 h after LPS injection; (R)-ketamine (3 or 10 mg/kg) or saline was then administered i.p. at 1 h after the administration of the CYP inhibitors.
FST: The FST was conducted using an automated forced-swim apparatus (SCANET MV-40; MELQUEST Co., Ltd., Toyama, Japan). Mice were placed individually in a cylinder (diameter: 23 cm; height: 31 cm) containing 15 cm of water maintained at a temperature of 23 ± 1°C. The immobility time was calculated using the activity time as (total) − (active) time by the apparatus analysis software. The immobility time of each mouse was recorded for a period of 6 min. It should be noted that we did not conduct pre-swim session, which has been widely used for the FST [18, 19] , because depressive-like behavior (increased immobility) is induced by LPS treatment.
LMT: The LMT was performed using an animal movement analysis system (SCANET MV-40; MELQUEST Co., Ltd.). Mice were placed in experimental cages (length × width × height: 560 × 560 × 330 mm). The cumulative exercise was then recorded for 60 min. The cages were cleaned between the testing sessions. Plasma was obtained by centrifugation of the blood samples (preset value, 5600 × g, 6 min). To determine the concentrations of (R)-ketamine and its metabolites in the brain and CSF, the animals were killed immediately after the collection of jugular vein blood into a tube containing EDTA-2K at 5 and 15 min after the administration of each compound; the CSF and brain were then obtained immediately. In addition, the effects of the CYP inhibitors on the pharmacokinetic profiles of (R)-ketamine were investigated in LPS-treated mice. After (R)-ketamine was administered i.p., blood samples were collected sequentially at 5, 15, and 30 min and at 1, 2, and 3 h from the tail vein of each individual mouse. To investigate the effects of CYP inhibition on the brain and CSF penetration of each compound, jugular vein blood, CSF, and the brain were also collected at 30 min post dose as mentioned above. The concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK were determined as described in the "Bioanalysis" section (Supplementary Materials and Methods).
TST using naive mice Drug administration: The drug administration schedules are shown in Fig. 3g . Male ICR mice were used. Mice were treated i. p. with saline or a CYP inhibitor cocktail (5 mL/kg) containing ticlopidine (4 mg/mL) and 1-ABT (10 mg/mL). One hour later, (R)-ketamine (10 or 30 mg/kg) or saline was administered i.p. The TST was performed at 24 h after the (R)-ketamine administration. Notably, higher doses of (R)-ketamine than those used in the LPSinduced inflammation model were used in native mice, because we previously obtained the results that higher doses of (R)-ketamine were needed in naive mice [9] than in depressed mice [14] to exert its antidepressant effects.
TST: The TST was performed according to a previously described method [9] . Mice were suspended by the tail from a metal rod using adhesive tape. The rod was fixed 47 cm above the surface of a table in a sound-isolated room. The test session was recorded for 6 min, and the immobility time was determined by an observer who was blinded to the treatment conditions. The mice were considered immobile only when they hung passively and were completely motionless.
Pharmacokinetic studies: The schedules are shown in Fig. 3a . Blood samples (35 μL) were collected sequentially from the tail vein of each individual mouse at 5, 15, and 30 min and at 1, 2, 4, 8, and 24 h after the administration of (R)-ketamine, and plasma was collected as described above. The concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK were determined as described in the "Bioanalysis" section (Supplementary Materials and Methods).
Data Analysis
All data are shown as the mean ± SEM. The statistical analysis was performed using PASW Statistics 20 (formerly SPSS Statistics; SPSS; IBM Corp., Tokyo, Japan) for the LPS-induced inflammation model and the SAS System, version 9.2 (SAS Institute Japan Ltd., Tokyo, Japan), for the TST using naive mice. Comparisons between groups were performed using a one-way ANOVA, followed by post hoc Fisher's least significant difference tests. P values of less than 0.05 were considered statistically significant. The pharmacokinetic parameters were calculated using a non-compartmental model with WinNonlin 7.0 software (Certara, Princeton, NJ).
RESULTS
Effects of (R)-ketamine, (R)-norketamine, and (2R,6R)-HNK on depressive-like behavior in the LPS-induced inflammation model
The effects of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK at 3 h after administration were investigated in the LPS-induced inflammation model. The LPS treatment induced an increase in the immobility time for mice in the FST, indicating depressive-like behavior (Fig. 1b) . (R)-Ketamine (10 mg/kg) significantly attenuated the LPS-induced depressive-like behavior in the FST, while both (R)-norketamine (10 mg/kg) and (2 R,6 R)-HNK (10 mg/kg) did not significantly attenuate the increased immobility time (Fig. 1b) . There were no differences in locomotor activity among the five groups (Fig. 1c) .
Pharmacokinetic studies were conducted in separate cohorts of LPS-treated mice. (R)-Ketamine was rapidly absorbed after administration (10 mg/kg), and the plasma concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK reached maximum Experimental schedules for the pharmacokinetic studies following the intraperitoneal administration of (R)-Ket, (R)-NK, or (2 R,6 R)-HNK. e-g Plasma concentration-time profiles after the administration of (R)-Ket (E), (R)-NK (F), or (2 R,6 R)-HNK (g). Blood was collected sequentially at 5, 15, and 30 min and at 1, 2, and 3 h from the tail vein of each individual mouse. i, j Concentrations of (R)-Ket, (R)-NK, and (2 R,6 R)-HNK in the brain (i) and cerebrospinal fluid (CSF; j) at the time points ((a) 5 min, (b) 15 min) corresponding to their plasma t max (time at the plasma maximum concentration). e-g, i The plasma and brain levels are represented as the mean ± SEM (n = 3/group). j Each CSF level represents a value derived from a pooled CSF specimen collected from three mice concentration (C max ) levels at 5, 15, and 15 min, respectively, after the administration of (R)-ketamine ( Fig. 1e ; Table S1 ). The plasma concentrations of (R)-norketamine and (2 R,6 R)-HNK declined rapidly at a rate similar to that of (R)-ketamine, leaving concentrations of less than 6% of their C max levels at 3 h post dose (Fig. 1e) . Concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK in the brain at each plasma t max (time at the plasma C max ) after the administration of (R)-ketamine were 6520, 4910, and 483 ng/g, respectively ( Fig. 1i; Table S2 ), and those in the CSF were 1230, 895, and 229 ng/mL, respectively ( Fig. 1j ; Table S2 ). Like (R)-ketamine, both (R)-norketamine and (2 R,6 R)-HNK were rapidly absorbed after the administration of each compound (10 mg/kg; Fig. 1f,g ). The plasma (Fig. 1f), brain (Fig. 1i) , and CSF (Fig. 1j ) levels (at the plasma t max ) of (R)-norketamine and (2 R,6 R)-HNK after the administration of (R)-norketamine were higher than those obtained after the administration of (R)-ketamine (Table S2) . Likewise, the plasma (Fig. 1g), brain (Fig. 1i) and CSF (Fig. 1j ) levels (at the plasma t max ) of (2 R,6 R)-HNK after the administration of (2 R,6 R)-HNK were higher than those obtained after the administration of (R)-ketamine (Table S2 ). In addition, the plasma area under the concentration-time curve from 0 to 3 h (AUC 0-3h ) of (2 R,6 R)-HNK after the administration of (2 R,6 R)-HNK was higher than that after the administration of (R)-ketamine (Table S1 ). Of note, we observed differences in the concentrations of (R)-ketamine and its major metabolites at early time points between jugular vein blood (Table S2 ) and tail vein blood (Table 1 and S1), as described in the Supplementary Results section.
Effect of (R)-ketamine on depressive-like behavior in the LPSinduced inflammation model in the presence or absence of CYP inhibitors Pharmacokinetic studies were conducted in LPS-treated mice. The plasma concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK increased in a dose-dependent manner, and reached maximum concentration (C max ) levels at 5, 15, and 15 min, respectively, after the administration of (R)-ketamine in the absence of CYP inhibitors (Fig. 2b,d) . Pretreatment with the CYP Following the administration of (R)-Ket, blood was collected sequentially at 5, 15, and 30 min and at 1, 2, and 3 h from the tail vein of each individual mouse. e, f Effect of CYPI pretreatment on the plasma maximum concentration (C max ; e) and the area under the concentration-time curve from time 0 to 3 h (AUC 0-3h ; F) of (R)-Ket, (R)-NK, and (2 R,6 R)-HNK. Pretreatment with CYPI completely blocked (2 R,6 R)-HNK formation to below the lower limit of quantification (BLQ; < 3 ng/mL); therefore, the AUC 0-3h was not calculable (NC) because of the BLQ of the analyte. b-f Data are represented as the mean ± SEM (n = 3/group). g Experimental schedules for the evaluation of the pharmacological effects of (R)-Ket. h Effects of (R)-Ket on the LPS-increased immobility in the forced swimming test (FST) in the presence or absence of CYPI (one-way analysis of variance, F 5,42 = 4.707, P = 0.002). i Effects of (R)-Ket on the locomotion test in the presence or absence of CYPI (LMT; F 5,42 = 0.804, P = 0.553). h, i Data are represented as the mean ± SEM (n = 8/group). **P < 0.01 compared with saline, ## P < 0.01 compared with saline-LPS treatment, @@ P < 0.01 compared with CYPI/(R)-ketamine (3 mg/kg)-LPS treatment, $$ P < 0.01 compared with saline/(R)-ketamine (3 mg/kg)-LPS treatment inhibitors increased both the plasma C max and the AUC 0-3h of (R)-ketamine after the administration of (R)-ketamine (3 mg/kg), and the plasma C max and AUC 0-3h values in the presence of CYP inhibitors were equivalent and 2.6-fold, respectively, compared with those obtained after the administration of (R)-ketamine (10 mg/kg) alone (Fig. 2e,f ; Table 1 ). Importantly, the formation of (2 R,6 R)-HNK was completely blocked to below the lower limit of quantification (LLOQ; < 3 ng/mL) level by pretreatment with the CYP inhibitors (Fig. 2c ,e and f; Table 1 ). In contrast, the CYP inhibitors did not affect the plasma C max of (R)-norketamine ( Fig. 2e; Table 1 ), while the same treatment increased the plasma AUC 0-3h of (R)-norketamine ( Fig. 2f ; Table 1 ). Pretreatment with the CYP inhibitors did not change the brain (and CSF) to plasma concentration ratios of (R)-ketamine or (R)-norketamine (Table S3 ), indicating that the CYP inhibitors did not affect the brain and CSF penetration of (R)-ketamine and its metabolite.
The effects of (R)-ketamine at 3 h after administration were investigated in the LPS-induced inflammation model. In the absence of CYP inhibitors, (R)-ketamine (3 mg/kg) did not attenuate the increased immobility time of LPS-treated mice in the FST, while a higher dose of (R)-ketamine (10 mg/kg) significantly attenuated the increased immobility time (Fig. 2h) . In contrast, in the presence of CYP inhibitors, 3 mg/kg of (R)-ketamine significantly attenuated the increased immobility time of LPS-treated mice (Fig. 2h) , which is consistent with pharmacokinetic results that pretreatment with the CYP inhibitors increased plasma levels of (R)-ketamine. The CYP inhibitors themselves did not alter the increased immobility time of LPS-treated mice (Fig. 2h ). There were no differences in locomotor activity among the six groups (Fig. 2i) .
Effect of (R)-ketamine in naive mice in the presence or absence of CYP inhibitors Pharmacokinetic studies were conducted in naive mice. (R)-Ketamine was rapidly absorbed and metabolized to form (R)-norketamine and (2 R,6 R)-HNK. The plasma concentrations of (R)-ketamine, (R)-norketamine, and (2 R,6 R)-HNK increased in a dose-dependent manner, and reached C max levels at 5, 15, and 15 min, respectively, after the administration of (R)-ketamine in the absence of CYP inhibitors (Fig. 3b,d ). The plasma levels of (R)-ketamine and its metabolites decreased rapidly and in parallel to below the LLOQ levels at 24 h post dose (Fig. 3b-d) . e, f Effect of the CYPI pretreatment on the plasma maximum concentration (C max ; e) and the area under the concentration-time curve from time 0 extrapolated to infinite time (AUC 0-∞ ; f) of (R)-Ket, (R)-NK, and (2 R,6 R)-HNK. Pretreatment with CYPI markedly decreased the (2 R,6 R)-HNK levels to near the lower limit of quantification (LLOQ; 3 ng/mL). b-f Data are represented as the mean ± SEM (n = 3/group). g Experimental schedule for the evaluation of the pharmacological effects of (R)-Ket. h Effects of (R)-Ket on the immobility in the tail suspension test (TST) in the presence or absence of CYPI (one-way analysis of variance, F 4,75 = 3.89, P = 0.006). Data are represented as the mean ± SEM (n = 16/group). **P < 0.01 compared with CYPI, ## P < 0.01 compared with saline/(R)-ketamine (10 mg/kg) treatment HNK-independent antidepressant effects of (R)-ketamine... Jun-ichi Yamaguchi et al.
Pretreatment with the CYP inhibitors increased the plasma levels of both (R)-ketamine and (R)-norketamine, while the same treatment markedly decreased the plasma levels of (2 R,6 R)-HNK, which was barely detectable near the LLOQ levels (Fig. 3c ,e and f; Table 2 ). The CYP inhibitors increased both the plasma C max and the AUC from time 0 extrapolated to infinite time (AUC 0-∞ ) of (R)-ketamine after the administration of (R)-ketamine (10 mg/kg), and the plasma C max and AUC 0-∞ values in the presence of CYP inhibitors were equivalent and 2.2-fold, respectively, compared with those obtained after the administration of (R)-ketamine (30 mg/kg) alone (Fig. 3e,f ; Table 2 ). The plasma C max and AUC 0-∞ values of (R)-norketamine after (R)-ketamine administration (10 mg/kg) in the presence of the CYP inhibitors were 0.4-and 1.4-fold, respectively, compared with those after the administration of (R)-ketamine (30 mg/kg) alone ( Fig. 3e,f ; Table 2 ). The effects of (R)-ketamine at 24 h after administration were investigated in naive mice. To investigate the sustained antidepressant effect of (R)-ketamine, we employed the TST of naive mice in which we previously demonstrated the sustained antidepressant effect of (R)-ketamine [9] . In the absence of the CYP inhibitors, (R)-ketamine (10 mg/kg) did not significantly alter the immobility time of mice in the TST, while a higher dose of (R)-ketamine (30 mg/kg) significantly decreased the immobility time (Fig. 3h) . In contrast, in the presence of the CYP inhibitors, 10 mg/kg of (R)-ketamine significantly decreased immobility time of naive mice (Fig. 3h) , which is consistent with pharmacokinetic results that pretreatment with the CYP inhibitors increased plasma levels of (R)-ketamine. The CYP inhibitors themselves did not alter the immobility time (Fig. 3h) .
DISCUSSION
Recently, (2 R,6 R)-HNK, which is derived from the metabolism of (R)-ketamine, has been proposed to mediate the antidepressant effects of (R,S)-ketamine [7] . In the present study, we investigated whether the generation of (2 R,6 R)-HNK is necessary for (R)-ketamine to exert its antidepressant effects by examining the pharmacokinetic/pharmacodynamic relationship and by blocking metabolism to (2 R,6 R)-HNK using CYP inhibitors. In addition, we investigated the role of (R)-norketamine, another major metabolite of (R)-ketamine, in the antidepressant actions.
In the LPS-induced inflammation model of mice, (R)-ketamine attenuated the increase in the immobility time of LPS-treated mice in the FST without affecting locomotor activity, indicating antidepressant effects. In contrast, both (R)-norketamine and (2 R,6 R)-HNK did not show significant antidepressant effects at the same dose. This result is consistent with previous findings that (2 R,6 R)-HNK (10 mg/kg) did not exhibit significant antidepressant effects in the LPS-induced inflammation model and a chronic social defeat stress model, while both (R)-ketamine (10 mg/kg) and (S)-ketamine (10 mg/kg) showed antidepressant activity [14] . Moreover, very recently, Shirayama and Hashimoto [13] have reported that both (R)-norketamine (20 mg/kg) and (2 R,6 R)-HNK (20 and 40 mg/kg) had no effect in a rat learned helplessness model, while (R)-ketamine (20 mg/kg) elicited antidepressant effects in the same model. In the present study, the pharmacokinetic data demonstrated that the plasma, brain, and CSF concentrations of (R)-norketamine and (2 R,6 R)-HNK following the administration of each compound (10 mg/kg) were higher than those generated after the administration of (R)-ketamine (10 mg/kg). Therefore, a sufficient exposure to (R)-norketamine and (2 R,6 R)-HNK was achieved at the dose used. On the basis of the pharmacokinetic/pharmacodynamic relationship, both (R)-norketamine and (2 R,6 R)-HNK might not contribute to the antidepressant actions of (R)-ketamine in the LPS-induced inflammation model, at least at 3 h after drug administration. Of note, Suzuki et al. [20] recently claimed that (2 R,6 R)-HNK may mediate the sustained antidepressant effects of (R,S)-ketamine via NMDA receptor inhibition. However, the present pharmacokinetic data indicated that the plasma concentrations of (2 R,6 R)-HNK declined at a rate similar to those of (R)-ketamine following (R)-ketamine administration. Therefore, from a pharmacokinetic point of view, it is unlikely that (2 R,6 R)-HNK mediates the sustained antidepressant effects of (R)-ketamine.
Next, we investigated the involvement of (2 R,6 R)-HNK in the actions of (R)-ketamine by inhibiting the metabolism of (R)-ketamine to (2 R,6 R)-HNK. In humans, (R,S)-ketamine has been proposed to be metabolized to (2 S,6 S;2 R,6 R)-HNK by Ndemethylation with multiple CYP isoforms including CYP2B6, followed by hydroxylation with CYP2A6, CYP3A5, and CYP2B6 [12] . On the basis of this information, we successfully validated this condition, demonstrating that a combination of 1-ABT, a multiple CYP inhibitor [21] [22] [23] , and ticlopidine, a CYP2B6 inhibitor [24, 25] , prevented the generation of (2 R,6 R)-HNK from (R)-ketamine. Indeed, plasma levels of (2 R,6 R)-HNK after the administration of (R)-ketamine were not detected (in the LPS-treated mice) or were barely detected (in naive mice) by pretreatment with the CYP inhibitors. In contrast, in the presence of the CYP inhibitors, the plasma levels of (R)-ketamine after the administration of ineffective doses of (R)-ketamine (3 mg/kg for the LPS-treated mice and 10 mg/kg for the naive mice) were increased to approximately the same levels obtained after the administration of effective doses of (R)-ketamine (10 mg/kg for the LPS-treated mice and 30 mg/kg for the naive mice). Therefore, if (R)-ketamine exerts the antidepressant effects, at the ineffective doses, in the presence of the CYP inhibitors, it indicates that (R)-ketamine itself, and not (2 R,6 R)-HNK, is responsible for its antidepressant effects.
In the present study, we obtained the results that in the presence of the CYP inhibitors, (R)-ketamine, at an ineffective dose (3 mg/ kg), exerted the antidepressant effects in the FST of LPS-treated mice at 3 h after the administration. Likewise, (R)-ketamine, at an ineffective dose (10 mg/kg), exerted the antidepressant effects in the TST of naive mice at 24 h after the administration in the presence of the CYP inhibitors. Therefore, the antidepressant effects of (R)-ketamine paralleled the plasma levels of (R)-ketamine, but not (2 R,6 R)-HNK. These results provide direct evidence that the generation of (2 R,6 R)-HNK is not essential for (R)-ketamine's acute and sustained antidepressant effects, at least in two different mouse models. Although (R)-norketamine may not be involved in the antidepressant actions of (R)-ketamine, based on the results of the pharmacokinetic/pharmacodynamic relationship, we did not provide direct evidence for the role of (R)-norketamine in the antidepressant actions of (R)-ketamine in the present study. Therefore, the involvement of (R)-norketamine in the antidepressant effects of (R)-ketamine needs to be further investigated under conditions in which the generation of (R)-norketamine is prevented.
The present results contradict previously reported results [7] . Zanos et al. [7] claimed that the formation of (2 S,6 S;2 R,6 R)-HNK is essential and sufficient to exert the antidepressant effects of (R, S)-ketamine and that (2 R,6 R)-HNK, in particular, has a critical role. In their study, they demonstrated that deuterated (R,S)-ketamine, which reduced the formation of (2 S,6 S;2 R,6 R)-HNK, prevented the sustained (24 h) antidepressant activity of (R,S)-ketamine. The discrepancy between these previously reported results and the present results requires some discussion. In their study, although the exposure levels of (2 S,6 S;2 R,6 R)-HNK in the brain were reduced when the deuterated (R,S)-ketamine was administered, the levels of (R,S)-ketamine and (R,S)-norketamine were not changed. In addition, metabolism to (2 S,6 S;2 R,6 R)-HNK was only partially, and not completely, prevented. In contrast, the presently reported experimental conditions almost completely prevented the formation of (2 R,6 R)-HNK, resulting in reasonable increases in the plasma levels of both (R)-ketamine and (R)-norketamine. Thus, the present condition can investigate the roles of (2 R,6 R)-HNK in the antidepressant effects of (R)-ketamine more clearly and adequately. Although they demonstrated that (2 R,6 R)-HNK induced the sustained antidepressant effects in several animal models, these results do not necessarily mean that the formation of (2 R,6 R)-HNK is essential for the antidepressant effects of (R)-ketamine. The antidepressant effects of (2 R,6 R)-HNK may occur at exposure levels higher than those obtained after the effective doses of (R)-ketamine administration. Indeed, we observed in the present study that (2 R,6 R)-HNK tended to reduce the increased immobility time in LPS-treated mice. (2 R,6 R)-HNK and (R,S)-ketamine, at the same dose, have recently been reported to show similar effects on serotonin release in the medial prefrontal cortex [26] as well as on AMPA receptor functions in the nucleus accumbens and dopamine neurons in the ventral tegmental area [27] . These findings are underpinned by the recent report that both (R,S)-ketamine and (2 R,6 R)-HNK inhibit NMDA receptor at rest and eukaryotic elongation factor 2 phosphorylation, while higher concentration is required for (2 R,6 R)-HNK than (R,S)-ketamine [20] . However, Pham et al. [26] also reported that local injection of (R,S)-ketamine (2 nmol) and (2 R,6 R)-HNK (2 nmol) into the medial prefrontal cortex exerted the antidepressant effects at 24 h after injection in the FST, indicating that both (R,S)-ketamine and (2 R,6 R)-HNK show the sustained antidepressant effects on their own, presumably through different mechanisms. Moreover, this result also indicates that biotransformation to (2 R,6 R)-HNK is not necessary for (R,S)-ketamine's antidepressant effect.
It should be noted that there are some limitations in the present study. To fully elucidate the roles of (2 R,6 R)-HNK in the antidepressant effects of (R)-ketamine and to clarify discrepancy between results of other laboratories, studies in other behavioral models including chronic stress models are warranted. Moreover, although we investigated the antidepressant effects of (R)-ketamine at 24 h after the administration, the roles of metabolites of (R)-ketamine may differ at discrete time points. For example, the role of (2 R,6 R)-HNK in the long-lasting antidepressant effects of (R)-ketamine (e.g., at 7 days) needs to be clarified.
In conclusion, we demonstrated that (2 R,6 R)-HNK, and possibly (R)-norketamine, are not essential for the antidepressant actions of (R)-ketamine. Because (2 R,6 R)-HNK is formed from only (R)-ketamine, the present results also suggest that metabolism to (2 R,6 R)-HNK is not involved in the antidepressant effects of (R,S)-ketamine. The present study should provide an important insight into the active substance responsible for the antidepressant effects of (R)-ketamine, thereby facilitating further studies on this important issue in ketamine research.
